Aims Phosphorus (P) deficiency is a major constraint for rice production in the tropics. Field-specific P management is key for resource-limited farmers to increase yields with minimal inputs. We used soil P fractionation analysis to identify the relevant factors controlling P uptake and the responses to P fertilization of rice in flooded and highly weathered soils. Methods Phytometric pot-based experiments and a modified Hedley fractionation analysis were repeated for soils from extensive regions and from geographically adjacent fields in Madagascar.
Introduction
Reduced availability of phosphorus (P) in soils results in reduced biomass and grain yield of rice grown in highly weathered soils (Dogbe et al. 2015; Fageria and Baligar 1997; Koné et al. 2011 Koné et al. , 2013 . Therefore, improvement of P availability in tropical weathered soils and enhancement of P uptake in rice plants is crucial to meet the rising demand for rice in Sub-Saharan Africa (SSA) Saito et al. 2015b; van Oort et al. 2015) . Tropical weathered soils are typically acidic and rich in iron (Fe) and aluminum (Al) (hydr)oxides, which result in a substantial capacity to sorb phosphate (Balemi and Negisho 2012) . These features may partly explain why the increase of P availability due to the reduced condition is less expected in highly weathered soils, while P availability generally tends to be less-limiting for paddy rice than for upland crops in equivalent soils (Fageria et al. 2011) . There is also concern regarding the non-renewable use of global rock-phosphate reserves (Van Vuuren et al. 2010) , and fertilization is usually neither economical nor readily available to subsistence farmers in SSA . Hence, under such circumstances, it is necessary for farmers to adopt strategies to improve the P uptake of rice plants, through 1) selecting a field with a high indigenous P supply capacity, and/or 2) increasing fertilizer-P recovery efficiency.
In rice fields, in which soil fertility varies spatially, site-specific soil management is expected to benefit rice production (Saito et al. 2015a; Schmitter et al. 2010; Yanai et al. 2012 ). This may be particularly true for the fields of smallholder farmers in SSA, where the response to applied nutrients varies over small distances and is governed mostly by the influence of past management practices Schut et al. 2018; Zingore et al. 2011 ). In addition, our previous studies indicated that the forms of soil P were important for determining P availability in the tropics and that soil P forms can be affected by land management practices as well as soil properties (Nishigaki et al. 2018; Sugihara et al. 2012) . Therefore, it is necessary to evaluate the spatial variation of soil P forms in rice fields on a regional or community scale and to elucidate the response of P uptake in rice to the P forms in soils.
The P fractionation method of Hedley et al. (1982) has been widely used to characterize soil P forms based on their availability, with the fundamental assumption being that extractants of varying strength estimate P fractions of differing availability. Nevertheless, P fractions separated by the same sequential method are not of equal availability to plants in all soils (Guo et al. 2000) , and rice plants draw P from a continuum of chemically extracted fractions that are assumed to have different plant P availability (Zhang et al. 2006) . In low-input systems, in which fertilizer-P additions are very low or absent, pools of P that are less available seem to act as a buffering pool for labile inorganic P, particularly in highly weathered soils (Beck and Sanchez 1994; Guo et al. 2000) . In addition, previous studies argued that organic P may play an important role in supplying available P in unfertilized soils (George et al. 2018; Guo et al. 2000; Tiessen et al. 1992) . However, little is known about the significance of these different P pools in the supply of P to rice plants grown on weathered soils.
The focus for low-P soils in the tropics is on increasing fertilizer-P recovery efficiency and preventing the accumulation of recalcitrant soil P (Menezes-Blackburn et al. 2017 ). In the normal pH range of agricultural soils of the tropics, P is mainly bound to Fe-and Al-(hydr)oxides, with the sorption reactions including the precipitation of metal phosphates (Haynes and Mokolobate 2001) . Alternatively, it is widely reported that soluble organic constituents derived from the application of organic amendments can enhance P solubility and mobility, as well as compete with P for sorption sites (Chassé and Ohno 2016; Guppy et al. 2005; Yan et al. 2013) . It is, therefore, necessary to take into account not only the soil P forms, but also other soil physicochemical properties that inhibit or enhance P absorption by rice plants. Thus far, few studies have shown how rice P uptake is regulated by soil P forms and soil physicochemical properties in highly weathered soils.
Relative biomass or nutrient uptake (ratio with the omission of a target nutrient relative to its full application) has been used in previous omission trials as an index to evaluate nutrient deficiency Shehu et al. 2018) . Still, there are debates about this index and whether it can clearly identify the influential factors with respect to high P-fixing capacity, the originally high Psupplying capacity, and deficiencies of other nutrients. In this study, we aimed to distinguish the indigenous soil Psupplying capacity and the fertilizer-P recovery efficiency using different parameters, i.e., total P uptake of rice plants in the P-omitted treatment and increased P uptake with P application, respectively. Our objective was, therefore, to evaluate P uptake of rice plants with special reference to soil P forms and soil physicochemical properties in tropical weathered soils. Of particular interest was to examine the variations in P forms in a range of rice-field soils and to determine the factors that have a substantial effect on P uptake in rice plants.
Materials and methods

Soil sampling and pot-based experiments
Two sets of pot-based experiments were conducted with lowland and upland field soils collected from a wide region of the central highland of Madagascar (n = 35, Exp. 1) and those collected within a relatively small area of one village (n = 16, Exp. 2) (Fig. 1) . These two sets of experiments were to confirm the applicability of the results at the landscape level in soils that have been rather affected by geological changes and at the field-scale level in soils rather affected by individual farmers' management practices. Experimental soils were taken from 0 to 15 cm depth as composites of four to five cores in each field and divided into two parts for the pot-based experiments and soil analysis, respectively. Then, two 20-day-old seedlings of a local rice cultivar, X265, grown in free-nutrient sand were transplanted to each pot. The pots were continuously flooded at the depth of 2-5 cm with distilled water throughout the growing periods. The weeds were removed manually, and no specific pest management was required.
Plant analysis
The plants were harvested at the soil surface, 34 days after transplanting for both Exp. 1 and Exp. 2. Aboveground biomass was determined after oven drying at 70°C to a constant weight. Each plant sample was ground into a fine powder using a high-speed vibrating sample mill (Model T1-100, Heiko Co. Ltd., Fukushima, Japan). Then, the plant P concentration was determined with the molybdate blue method (Murphy and Riley 1962) after dry-ashing at 550°C for 2 h and digestion with 0.5 M HCl. The plant P uptake (mg P pot
) was calculated as the product of aboveground biomass and P concentration of plants (total P content).
Soil analysis
The collected soils were air-dried and sieved to 2 mm for subsequent soil analysis. Soil particle size distribution was determined with the wet-sieving and pipet method (Gee and Bauder 1986) . Soil pH was determined in deionized water at a soil-to-solution ratio of 1:2.5. (2002), and total exchangeable base was calculated as the sum of those four cations. Total carbon (C) and N were quantified using the dry combustion method with an NC analyzer (Sumigraph NC-220F, SCAS, Japan). Soil samples were digested in 60% HClO 4 following Kuo (1996) , and total P was determined with the molybdovanadate method (Kitson and Mellon 1944) . Extractable Al, Fe, and P contents were determined with the acid ammonium oxalate method (Alo, Feo, and Oxalate P, respectively) as described by Courchesne and Turmel (2008) . The concentrations of Al, Fe, and P in the oxalate extraction were measured with an inductively coupled plasma mass spectrometer (ICPE-9000, Shimadzu, Japan).
Soil P was sequentially fractionated using a modification of the Hedley method (Tiessen and Moir 2007; Sugihara et al. 2012) (Fig. 2) . Briefly, 0.5 g of soil was placed in a 50 mL centrifuge tube and sequentially extracted with 30 mL of each of the extractant solutions, which were added in the following order: deionized water (deionized water with two anion-exchange resins in the bicarbonate form; Resin-P), 0.5 M NaHCO 3 (pH 8.5) (NaHCO 3 -P), 0.1 M NaOH (NaOH-P), and 1 M HCl (HCl-P). Each extraction was performed for 16 h using a horizontal shaker followed by centrifugation at 2500×g for 20 min at room temperature, and the supernatant was filtered (5C, ADVANTEC) and the filtrate collected to measure the concentration of inorganic P (Pi) using the molybdate-ascorbic acid method (Murphy and Riley 1962) after pH adjustment using p-nitrophenol. Each total P (P i + o ) in NaHCO 3 and NaOH extracts was determined after digestion with ammonium persulfate in an autoclave at 103.5 kPa and 120°C for 60 min, and the concentration was determined with the method of Murphy and Riley (1962) . The organic P (Po) was calculated as the difference between P i + o and Pi. The difference between total P in soils and the sum of Pi and Po in all the extracted fractions was defined as Residual P.
Statistics
Statistical analyses were performed using JMP11 software (JMP11.0 Windows, SAS Institute Inc.). First, two-way analysis of variance (ANOVA) was conducted to determine the individual and interaction effects of soils (S) and fertilizer treatments (T) on the aboveground biomass and total P uptake of rice plants. Second, the obtained aboveground biomass and total P uptake data for both Exp. 1 and Exp. 2 were standardized into the mean value at 0 with the sample variation at Fig. 1 Map of soil sampling sites. Soils for Exp. 2 were collected from the sites in sub-map A, whereas soils for Exp. 1 were from the other sites 1 to simultaneously handle the results of two experiments grown under different environmental conditions. Then, a stepwise regression analysis was repeated by applying the K-fold (K = 5) cross validation to develop robust models over two experiments that explained the variations in: 1) total P uptake in the +N treatment as an index of indigenous soil P-supplying capacity, and 2) differences in P uptake between the +N and + NP treatments as an index of fertilizer-P recovery efficiency, respectively. The candidate explanatory factors included clay content, total C, N, and P contents, soil pH, Alo, Feo, Alo + 0.5 Feo, Resin-P, NaHCO 3 -Pi, NaHCO 3 -Po, NaOH-Pi, NaOH-Po, and HCl-P. In the stepwise process, the 'selection' and 'removal' of factors was controlled with an F-value of P < 0.10 at each step. The step ended when no remaining candidate factors produced an eligible F-value. Then, a multiple linear regression model was developed using the selected variables. At the end, standardized partial regression coefficients were calculated to assess the effect size of each selected variable. In addition, a t-test for the simple regression coefficient was conducted to identify the interrelationship of these soil properties.
Results
Plant biomass and P uptake
Compared with Exp. 1, Exp. 2 yielded higher values for both aboveground biomass and total P uptake; this was attributable to the higher temperature and rate of nutrient application as well as greater amount of solar radiation during the growing period (Table 1) . ANOVA demonstrated highly significant effects of experimental soil, fertilizer treatment, and most importantly of their interactions on aboveground biomass and P uptake for both Exps. 1 and 2. Consequently, there were large variations in biomass and P uptake within each experiment. In a comparison of Fvalues, the magnitude of variations as affected by different soils and treatments was almost equivalent between the two experiments even though the soils for Exp. 2 were collected from adjacent fields in a small area of one village.
The aboveground biomass in the +N treatment ranged from 0.20 to 2.01 g pot −1 and 1.38 to 6.40 g pot −1 in Exp.
1 and Exp. 2, respectively (Fig. 3a) . The effect of P application, as measured by the difference in biomass between the +NP and + N treatments (ΔBiomass), was positive for all soils whereas the increased rate varied greatly among soils, ranging from 0.08 to 2.33 g pot −1
(Exp. 1) and from 0.40 to 4.72 g pot −1 (Exp. 2). The same soil-to-soil or field-to-field variations were observed for the P uptake data in the +N treatment, and P uptake increased when P was applied (Fig. 3b) . The P uptake without P application (+N treatment) ranged from 0.10 to 2.77 mg P pot −1 (Exp. 1) and 0.95 to 12.97 mg P pot −1 (Exp. 2). The increased P uptake when P was applied (ΔP uptake; difference between the +NP and + N treatments) ranged from 0.47 to 5.02 mg P pot −1 (Exp. 1) and from 2.67 to 10.14 mg P pot −1 (Exp. 2). Interestingly, there were large differences in the response to P application, i.e., ΔBiomass and ΔP uptake, even among the soils that consistently had low biomass production or P uptake under +N treatment (P omitted).
Soil characteristics, total P and fractionated P
The original soils in Exp. 2 had poor nutrient status in terms of total C, N, and P compared with the soils in Exp. 1 ( Mean values with different letters indicate significant differences based on Tukey HSD at P < 0.05 s.d., standard deviation (n = 35 and n = 16 for Exp. 1 and Exp. 2, respectively); df, degrees of freedom; SS, sum of squares ***P < 0.001 Fig. 3 Biomass (a) and P uptake (b) in the +N treatment and their responses to P application. ΔBiomass, the difference in biomass of rice plant between the +NP and + N treatments; ΔP uptake, the difference in P uptake of rice plant between the +NP and + N treatments Total P concentration in all soils ranged from 200 to 3200 mg P kg
, with a mean value of 960 mg P kg −1 (Fig. 4) . The amount of P varied substantially among the fractions, with the NaOH-Pi value being greatest (260 mg P kg −1 on average) followed by NaOH-Po (81 mg P kg −1 on average). The HCl-P was generally low in most soils (median 8.0 mg P kg
), but some soils had quite high HCl-P values that increased with soil pH. The Resin-P, NaHCO 3 -Pi, and NaHCO 3 -Po values were lower than for the other fractions, namely 12, 19, and 18 mg P kg soil −1 on average, respectively. The Oxalate P in all soils ranged from 49 to 1200 mg P kg soil −1 (mean, 330 mg P kg soil
−1
). The ratio of the sum of labile P (Resin-P, NaHCO 3 -Pi, and NaHCO 3 -Po) to total P was smaller in Exp. 2 (4.9%) than Exp. 1 (6.1%). Except for the NaHCO 3 -Po fraction, all fractions had a significant positive correlation with total P (Table 3) .
The Alo values correlated significantly with Resin-P, NaHCO 3 -Pi, and NaOH-Pi, whereas the Feo values correlated only relatively weakly in this respect (Table 3) . The Alo + 0.5 Feo values also correlated significantly with Resin-P, NaHCO 3 -Pi, and NaOH-Pi (Table 3 ). The amount of Oxalate P clearly corresponded to the total amount of extractable Pi in all the fractions (TPi) (Fig. 5) .
Relationship between responses to fertilizer application and soil properties Table 4 presents the results of step-wise regression analysis for P uptake in the +N treatment and for the Fig. 4 Variation of total phosphorus and fractionated phosphorus among soil samples (n = 51). The cross in each box represents the mean, the central vertical bar shows the median, the box represents the interquartile range, the whiskers show the location of the most extreme data points that are still within a factor of 1.5 of the upper or lower quartiles, and the points are values that fall outside the whiskers difference in P uptake (ΔP uptake) between the +N and + NP treatments using various soil properties. The Resin-P and NaHCO 3 -Po were selected as the positive explanatory variables for P uptake in the +N treatment, whereas Alo and total P were selected as negative explanatory variables. Using these selected parameters, the regression model explained 72% of the variation in P uptake of the +N treatment across Exp. 1 and Exp. 2. The standardized partial regression coefficients indicated that the effect size of selected variables decreased in the order of Resin-P, Alo, NaHCO 3 -Po, and total P. Using the same procedure, Alo + 0.5 Feo was selected as a strong and negative explanatory variable for ΔP uptake. In addition, total C was selected as a weak and negative explanatory variable (P = 0.051). The multiple linear regression analysis of these two variables explained 81% of the variation in ΔP uptake across Exp. 1 and Exp. 2.
Discussion
Large field-to-field variations in soil P status and response of rice to nutrient inputs Two sets of pot-based experiments confirmed that the production of irrigated rice-at least in the early growth stage-is limited by P deficiency in most of the soils in the central highland of Madagascar. In addition, there were large field-to-field variations in responses of rice production or P uptake when P was omitted (+N treatment) and when P was applied (+NP treatment)x Residual P 1.000 ** Alo, oxalate-extractable Al; Feo, oxalate-extractable Fe; Oxalate P, oxalate-extractable P; TPi, sum of extracted inorganic P; TPo, sum of extracted organic P; Residual P, difference between total P in soils and the sum of inorganic and organic P in all the extracted fractions *P < 0.01, **P < 0.001 (Table 1 , Fig. 3) ; these large variations in the indigenous soil P-supplying capacity and fertilizer-P recovery efficiencies were confirmed not only for those soils differing in geological backgrounds within a particular region (Exp. 1) but also for soils in adjacent fields in a small area (Exp. 2) ( Table 1) . The results corroborate recent assertion that better information is needed concerning differences in the response to applied nutrients within and between fields to effectively increase yields and returns of inputs for smallholder farmers in SSA (e.g. Schut et al. 2018) . Phosphorus is generally considered to have less mobility compared with other plant nutrients because of its strong fixation to the high levels of Fe and Al oxides in tropical soils. Therefore, soil P status is relatively consistent within a geological background at the landscape level (Nishigaki et al. 2018 ). However, our results for soil P index revealed a substantial variation in total P and fractionated P despite the inclusion of samples collected over small distances. Total P was generally high in the lowland soils compared with the soils collected from adjacent upland fields supposedly due to the replenishment of sediments in runoff water in the lowland fields. Yet, large variations in total P were observed even within lowland soils in a small area (see Supplementary data sheet). Schmitter et al. (2010) also reported a large spatial variation in soil physicochemical properties in rice paddy terraces in Northwest Vietnam. These results support the importance of site-specific fertilizer management practices based on differences in soil P status and responses of rice to P fertilizer. The large variation in soil P status that we observed in Madagascar could be attributable to land management practices and pervasive soil erosion on the sloping topography.
P uptake of rice plants in relation to soil P supply capacity
The result of the regression analysis revealed that P uptake of rice without P application was increased by Resin-P and NaHCO 3 -Po, indicating that these fractions constitute a readily available P pool in soils for rice grown under flooded conditions (Table 4) . In other words, the indigenous P supply for lowland rice largely relies on Resin-P, which accounts for merely 1% of total P in soils (Fig. 4) . In addition, our results revealed a quantitative effect of labile organic P (NaHCO 3 -Po) on the P uptake values of rice plants in highly weathered soils. Indeed, previous studies have emphasized the potential role of organic P pool as a source of available P in tropical weathered soils (George et al. 2018; Turner 2006) .
The total organic P pool (NaHCO 3 -Po and NaOHPo) in this study was 97 mg P kg
, representing 10% of total P. This is comparable with results of a previous report on soil organic P in rice fields in Madagascar, i.e., the Po pool ranged from 6.7% to 29% (Turner 2006) . Table 4 Multiple regression analysis for plant P uptake in the +N treatment and difference in P uptake between the +NP and + N treatments a Difference in phosphorus uptake between +NP and + N treatments *P < 0.05; **P < 0.01; ***P < 0.001; †P = 0.051; ns, not significant Alo, oxalate-extractable Al; Feo, oxalate-extractable Fe Fig. 5 Relationship between oxalate-extractable P and sum of extracted inorganic P. footer: Solid line shows best fit from regression analysis, and the broken line shows 1:1 ratio Randriamanantsoa et al. (2015) reported that gross organic P mineralization rates were 0.8 ± 0.5 mg P kg −1 day −1 and 1.7 ± 0.2 mg P kg −1 day −1 in nonamended and residue-amended Ferralsols, respectively. Our results and those of these previous studies also support the potential role for soil organic P in rice nutrition at the initial growth stage in tropical soils that typically have low available inorganic P. On the other hand, Alo in soils had a negative effect on P uptake of rice. This is likely attributable to the high sorption capacity of active Al in soils (Agbenin 2003; Nwoke et al. 2003) . We therefore conclude that the P-supplying capacity of strongly weathered rice-fields is mainly controlled by the size of the labile inorganic and organic P pools and the sorption capacity of the soil matrix. However, the potential contribution of less-labile P fractions through the root-induced chemical reactions in rhizosphere soils (Hinsinger 2001) should not be completely excluded when we consider relatively low P mobility in highly weathered soils and the mass balance between P uptakes of rice plants and labile P pools in rhizosphere soils.
Effect of oxalate-extractable Al, Fe, and P on fertilizer-P recovery efficiency and P cycling
The result of the regression analysis revealed that the difference in P uptake between the +NP and + N treatments was strongly controlled by the Alo + 0.5 Feo (Table 4) . This underscores the importance of Al and Fe (hydr)oxides in regulating fertilizer-P recovery efficiency for lowland rice production in highly weathered soils. This suggests that the applied P was mainly sorbed to the active Al and Fe, and hence P availability for plants decreased. Sugihara et al. (2012) reported that P in fertilizer was predominantly fixed by Al and Fe oxides in a clay-rich maize cropland in Tanzania. Nwoke et al. (2003) also suggested that oxalate-extractable Al and Fe can regulate the standard P requirement and P availability in soils of the West African savanna. We found that the Alo + 0.5 Feo correlated positively with each inorganic P fraction, and most highly with NaHCO 3 -Pi and NaOH-Pi, suggesting that P in these labile and less-labile fractions is mainly associated with the active Al and Fe. Despite the large proportion of NaOH-Pi in total P (Fig. 4) , NaOH-Pi did not contribute to the P uptake of rice in +N treatment owing to the low availability of P strongly fixed by the active Al and Fe. Considering the higher regression coefficients for Alo than Feo with NaHCO 3 -Pi and NaOH-Pi, Alo is likely to be the main controlling factor for those fractions. Nwoke et al. (2003) suggested that Al plays a greater role than Fe in removing P from soil solution of the surface layer because the pH values of soils are in the range in which P is more likely to react with Al than with Fe.
It has been reported that the application of organic matter, such as animal manure, can decrease P sorption and increase P availability in highly weathered soils (Azeez and Averbeke 2011; Guppy et al. 2005) , owing to competition between organic matter molecules and P for the available sorbing sites on soil particles (Chassé and Ohno 2016) . Hence, farmyard manure application, which is widely used for agricultural lands in the central highlands of Madagascar, is indeed and effective management option for improving the phytoavailability of applied phosphate in weathered soils. Andriamananjara et al. (2018) reported that farmyard manure application to weathered upland soils of Madagascar increases P fertilizer recovery efficiency for upland rice.
Our results reveal that the amount of Oxalate P clearly corresponded to sum of extracted inorganic P (Fig. 5) . This fact leads us to surmise that Oxalate P represents all the labile and less-labile inorganic P pools in soils. Most of the P sorbed by active Fe and Al compounds is slowly released back to the soil solution, providing service flows for 5 to 10 years (Sanchez et al. 1997 ). Agbenin and Goladi (1998) indicated that Resin-P is attributable to the less-labile P sources, namely NaOH-Pi and HCl-P, which act as sinks for fertilizer-P. These results suggest that Oxalate P can be an index for the evaluation of both labile and less-labile P pools, namely the moderately active P pool, which may be involved in the subsequent slow P cycling in rice croplands (Lookman et al. 1995) . This could account for why many previous studies, which were mostly conducted using soils with an abundant labile P pool, have shown that Oxalate P is poorly effective at predicting P uptake by crops (Eichler-Löbermann et al. 2007; Nawara et al. 2017) . Interestingly, however, we found a significant correlation between P uptake and Oxalate P in both Exp. 1 (r = 0.75, P < 0.001 in the Cont treatment) and Exp. 2 (r = 0.72, P < 0.01 in the Cont treatment). This is likely attributable to the fact that less-labile P in tropical weathered soils is more abundant than in temperate soils and, therefore, the overall effect of less-labile P is greater in tropical weathered soils.
Conclusion
Our experiments successfully extracted the most relevant soil components to determine the indigenous soil Psupplying capacity and fertilizer-P recovery efficiencies for rice production. Phosphorus uptake of rice in the early growth stage is tightly controlled by labile inorganic and organic P pools and active Al and Fe in Pdeficient weathered soils. In addition, a high degree of variability in rice P uptake in response to fertilizer treatment and soil characteristics is observed even within a small area. These results provide fundamental information for developing more effective nutrient management practices and improving financial returns for individual fields. Further studies are required to determine whether the results from our pot-based experiments are applicable to the responses of rice in the field. To achieve practical field-specific fertilizer management, further studies are also needed to reveal how to increase available P-in both inorganic and organic forms-and to reduce the activity of Al and Fe oxides in highly weathered soils.
